field theoretical derivation of the three-dimensional TLM method with expanded node and of the three-dimensional TLM method with asymmetrical condensed node is given. In the derivation, the Method of Moments is applied to Maxwell's equations. The wave amplitudes are related to the tangential field components at the boundaries of the TLM cell. The same approach is applied to derive the FDTD method from Maxwell's equations. A complete dispersion analysis is given for the two TLM methods as well as for the FDTD method.
I. INTRODUCTION
s INCE the first publication by Johns and Beurle in 1971 [1] , the transmission line matrix (TLM) method has evolved as an attractive and widely used method in electromagnetic field computation. Recently, afield theoretic fclundation of the TLM method has been given. The two-dimensional TLM method [2] and the TLM method with symmetrical condensed node [3] have been derived by applying the Method of Moments [4] to Maxwell's equations [5] - [7] . In this paper, the same approach is applied in the derivation of the expanded TLM node [2] and the asymmetrical condensed TLM node [2] , [8] , Furthermore, a complete dispersion analysis for these TLM methods is given. To demonstrate the close relationship between TLM and FDTD, we derive Yee's FDTD scheme with central difference approximations [9] by applying the Method of Moments to Maxwell's equations. Thus, together with [7] , [10] , this paper gives a comparison of the various TLM and FDTD schemes based on a rigorous derivation from Maxwell's theory.
In TLM, the electromagnetic field is represented by wave amplitudes instead of electric and magnetic field components. The correct mapping between the wave amplitudes and field components is described by the cell bcwndary mapping [7] . Wave amplitudes are related to transverse electric and magnetic field components. Therefore, at first, the introduction of wave amplitudes in three-dimensional space requires the introduction of any set of surfaces of reference defining tangential planes. The transverse electromagnetic field components are defined with respect to these tangential planes. The propagation of the wave pulses is normal to the tangential Manuscript received October 10, 1995; revised Aprd 24, 1995. planes. The boundary of an elementary TLM cell is formed by the surfaces of reference. In each boundary surface separating two TLM cells, a sampling point for the tangential electric and magnetic field components is chosen. In the network model of TLM, in each sampling point, one port is assigned to each polarization. By this way, we assign an elementary multiport to each TLM cell. In the literature, this multiport is called the TLM node. In the following, we use the term TLM cell for the geometrical object we have defined in the continuous space, whereas the term TLM node is used for the abstract network model representing the relations between the wave amplitudes at the ports associated with the sampling points of a TLM cell. Due to the discretization, FDrD and TLM exhibit deviations from the linear dispersion behavior. Furthermore also unphysical or spurious modes may occur. Such unphysical modes do not converge to solutions of Maxwell's equations. These effects impose limitations on the accuracy of field computation. In this paper, a systematic comparison of the dispersion behavior and the occurrence of unphysical modes is given for Yee's FDTD scheme and the TLM schemes for the expanded node and for the asymmetrical condensed node. The dispersion relations have already been calculated for various FDTD schemes [11] , [12] and for some TLM schemes [10] , [13] , [14] . We use a general approach for the computation of the dispersion relations and the discussion of the spurious modes based on the state space representation of the discretized electromagnetic field [5] - [7] , [15] . The dispersion relations of the FDTD and TLM schemes are calculated from the solutions of the eigenvalue problem in the field state space. We distinguish between physical and unphysical eigenvectors in the field state space. Only physical eigenvectors describe solutions of the FDTD or TLM scheme which converge to solutions of Maxwell's equations for frequencies approaching zero. The unphysical eigenvectors describe artifacts introduced by the discretization of Maxwell's equations.
II. THREE-DIMENSIONALFDTD
The finite-difference time domain (FDTD) method is a mathematical approach for the solution of partial differential equations [16] . The partial derivatives are simply replaced by finite differences. In 1966, Yee has given a FDTD scheme for the solution of Maxwell equations [9] . In the FDTD method, space and time are discretized with increments Al and At, respectively. We derive Yee's FDTD scheme with central difference approximations [9] by applying the Method of Moments to Maxwell's equations. The field components are represented by a series of subdomain basis functions. 
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Sampling the two other terms of (3) in the same way, we obtain AZ At(k+l/2H~+l/~,m+~/2,n -k+l/2'Hf+l/2, m-l/2, n) 
..+1/2, n bining the six field components of the FDTD cell with the discrete coordinates (1, m, n) at the discrete time coordinate k. We introduce a system of orthonormal space domain basis vectors 11,m, n) in the Hilbert space lim. To each node with the discrete coordinates (1, m, n), a basis vector 11,m,, n) is assigned. In the Hilbert space 'lit, the basis vector Ik) corresponds to the discrete time coordinate k. Due to the summation of k, 1, m and n, the field vector IF) combines all electric and magnetic field components of the complete FDTD mesh at all discrete time points k. Thus the complete time evolution of the field in four-dimensional space-time may be represented by a single vector in 'HF. The orthonormal basis vectors of Mm B fit are given by the ket-vectors Ik; 1, m, n). The bra-vector (k; 1, m, n,l is the Hermitian conjugate of Ik; 1, m, n). The orthogonality relations are given by (h; 11, ml,~1 Ikz; 12,~z, 7J2)
'~kl,k~sl~,l~~ml,m~~n~.n~.
To describe a shift of the field components in space and time, we define the half shift operators Xh and its Hermitian conjugate Xi by xh Ik; 1, m, n) = Ik; i + 1/2, 'm, n) 
The subscripts t and m of the vectors indicate that the vectors are an element of the Hilbert space I-tt and fin, respectively. If it is obvious to which space the vectors are belonging, these indices will be omitted. The procedure corresponds to a separation of variables, which is justified because IQ) represents a maximal orthonormal set for the Hilbert space Ht 
where we have introduced the vector of the plane wave amplitudes
We restrict our investigations to electromagnetic fields composed of plane waves. In this case, we have (36) and (30) yields (e-2W2,
lF(Q))n = F(x, q, f)e-'ko Ix, q,~)
We calculate the inner product of (x, q, fl and (37). Considering X~lx,~, f) = e-~Yi2 lx, q,~)
Y~lx, q,~) = e-~~j2 lx, q,~)
we obtain the representation of (37) in wave vector domaiñ (e-W, e-@,~-Vi/2, e-Jtj2) F(X,~,~) = O. (39) Equation (39) The solutions of (40) 
Each of the six eigenvalues~, has one eigenvector l?, (x, q,~). The eigenvectors corresponding to the eigenvalues Al, A2, A3, and~L describe propagating solutions of the FDTD scheme. As~5, G = 1 implies fl = O, the corresponding eigenvectors describe stationary solutions representing the electro-and magnetostatic case. For the eigenvectors describing propagating solutions of the FDTD scheme, we obtain the dispersion relation sin2 (fl/2) = s2[(sin2 (X/2)+ sin2 (77/2) + sin2 ($/2)]. (43) To compare three-dimensional FDTD with three-dimensional TLM, we choose s = 1/2. For this case, we calculate the cutoff frequencies. The cutoff frequency is defined as the highest frequency for which a solution of the dispersion relation exists. The cutoff frequency is the highest frequency for which the propagation of a wave with an arbitrary spatial and F = l/(3At), respectively.
III. THE TLM METHOD WITH EXPANDEDNODE
The expanded TLM node ( Fig. 1) is composed of three two-dimensional TLM shunt nodes and three two-dimensional TLM series nodes [2] . The scattering at the shunt nodes is shifted by half a discretization interval in time with respect to the scattering at the series nodes. The scattering of the wave amplitudes at the expanded TLM node may be described by two 12 x 12-matrices combining the scattering matrices of the three shunt nodes in one 12 x 12-matrix and the scattering matrices of the three series nodes in the other 12 x 12-matrix. The field expansions of the electric and magnetic field components are similar to the field expansions for the derivation of the FDTD method. Like in FDTD, the field expansions of the magnetic field components are shifted by half a discretization interval in space and time with respect to the field expansions of the electric field components. Thus each of the six linearly independent electric and magnetic field components per three-dimensional TLM cell is defined at the center of one of the six two-dimensional TLM nodes of one expanded node. In the following, we derive the scattering matrix of one shunt node of the expanded TLM node. The other five scattering matrices may be derived in a similar way.
A. Field Theoretic Derivation
We expand the field components in
The basis functions gm are given by
where the triangle function g(x)
The use of the functions gm (z)
is defined by
provides a piecewise linear approximation [4] of the exact solution of Maxwell's equations with respect to the coordinate~, whereas the use of the pnlse functions h~(z') provides a step approximation [4] of the exact solution with respect to the coordinate z'.
For the derivation of the two-dimensional shunt node with the center at the discrete space point (1, m, n + 1/2) (see Fig. 1 ), we insert the field expansions in Maxwell eqpations and sample the equations in the cell boundaries using delta functions in space and time. Sampling (5) in the cell boundaries means sampling it at (1+ 1/4, m, n + 1/2), (/-1/4, m, n+l/2),
(1, m+l/4, n+l/2), and (1, m-1/4, n+ 1/2) at the discrete time points k+ 1/4 and k+3/4. We choose Al according to (19) . Using the integrals
for c = -1/4, O, 1/4, we obtain eight discretized field equations. Adding these discretized field equations yields 12~+lEJ~)~+l/2 + k+lE;+l, rn, .+112
+ k+lE:_l,m,n+l/z + k+lE:~+1, n+l/2 +~+lE~m-l,n+llz -12 @~rn, n+112 
where we have introduced
with the arbitra~impedance Z. The correct mapping between the wave amplitudes and field components is described by the cell boundary mapping [7] . The cell boundary mapping relates the wave amplitudes with the tangential electric and magnetic field components in the boundary surfaces separating the six two-dimensional TLM nodes of one expanded node. Ik; 1, m, n). 
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Rewriting (59) .
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We introduce wave amplitudes by relating them to the CBM values of the field components. The cell boundary mapping for the expanded TLM node is given by
and lF~,) = la,) + lb;)
with i = 1 for the field components at the three series nodes of the expanded node and with i = 2 for the field components summarizes all CBM values of the magnetic field components at the three shunt nodes of the expanded node. We have at the three shunt nodes of the expanded TLM nodes. In the introduced the matrix same way, we define the electric field vector IFE2 ) and the magnetic field vector IFM2) combining all CBM values of the 1. 
(69)
The property P2 = 1 ensures that the cell boundary mapping is a bijective one-to-one mapping between the forty-eight electric and magnetic field components and the forty-eight incident and
Ik; 1, m, n) (63) scattered wave amplitudes at one expanded TLM node.
The vector of the incident wave amplitudes, Iai), and the vector of the scattered wave amplitudes, Ibi), are defined by IT als, al~, alg, a20, a23j a24 t, m, n , tbzl, m, , , =k[bs, bb, bT, bs>bg>blo> blq, bib, big, bzo, bzs> bzll:rn, n. (73) For each boundary surface, the wave amplitudes incident into one two-dimensional TLM node are identical with the wave amplitudes scattered from the neighboring TLM nodes. This relation is expressed by 
The operators Y, Z, Yt, and Zt are defined in a similar way for the discrete coordinates m and n. We apply the cell boundary mapping to obtain the discretized field equations for wave amplitudes. Choosing ql = 1 yields one discretized field equations for wave amplitudes 
To determine the 4 x 4-scattering matrix of one twodimensional shunt node, we need four discretized field equations for wave amplitudes. Thus, in total, we need twenty-four discretized field equations for wave amplitudes to determine the two 12x 12-scattering matrices of the expanded TLM node.
In the following, we derive the additional three discretized field equations for wave amplitudes to determine the scattering matrix of one two-dimensional shunt node. Sampling (6) and (7) 
These relations are necessary to derive all of the four discretized field equations for wave amplitudes at one twodimensional shunt node. In total, for the derivation of the complete TLM scheme for the expanded node, we need six of these relations given by (80) The six relations for the CBM values of the electric and magnetic field components are not derived from Maxwell's equations. These relations are imposed arbitrarily causing the scattering at the three shunt nodes to be shifted by half a discretization interval in space and time with respect to the scattering at the three series nodes.
We introduce wave amplitudes by the cell boundary mapping for the expanded TLM node. Choosing q2 = ql = 1 yields Equations (78) and (84) determine the 4 x 4-scattering matrix of one two-dimensional shunt node of the expanded TLM node uniquely. Deriving the remaining five 4 x 4-scattering matrices of the expanded node in the same way, we obtain 16Z)= ThSz la,)
with the two 12 x 12-scattering matrices of the expanded node '2'=1 ii 'i il" '88)
B. Dispersion Analysis
We eliminate the vectors of the scattered wave amplitudes and the vector Iaz ), Using (74) and (85) 
and Fz = i':.
Equation (94) has nontrivial solutions if
From (97) 
The eigenvalues Al, .0. ,~G are identical with the eigenvalues A, of Yee's FDTD scheme fc)r the stability factor s = 1/2. The eigenvectors corresponding to these eigenvalues describe solutions of the TLM scheme which converge to solutions of Maxwell's equations for frequencies approaching zero. We call these eigenvectors the physical eigenvectors of the TLM method. The eigenvalues AT, . . . ,~lz have eigenvectors describing solutions of the TLM scheme which do not converge to solutions of Maxwell's equations for frequencies approaching zero. A = -1 implies Q = m, thus the eigenvalues J7, 0., ,~12 have unphysical eigenvectors describing stationary solutions in the TLM mesh oscillating with the frequency 1/ (2At). In a mesh with expanded TLM nodes, there are physical eigenvectors with the same dispersion characteristics as the FDTDI eigenvectors and unphysical eigenvectors which do not exist in the FDTD mesh.
IV. THE TLM METHOD WITH ASYMMETRICALCONDENSED NODE
The asymmetrical condensed TLM node depicted in Fig. 2 is composed of three two-dimensional TLM shunt nodes and three two-dimensional TLM series nodes, In contrast to the expanded node, the six two-dimensional nodes are condensed in the center of the three-dimensional cubic TLM cell leading to a 12 x 12-scattering matrix [2], [8] . For the derivation of the three-dimensional TLM method with asymmetrical condensed node, we use rectangular pulse functions as subdomain basis functions with respect to space and time. In contrast to the derivation of the FDTD method and the TLM method with expanded node, the field expansions of the magnetic field 
A. Field Theoretic Derivation
The functions K1,~(x, y) are given by the product of two rectangular pulse functions as
Kl, m(z, y) = h~(~)hm(y).
We insert the field expansions in (3)- (8) and sample the field components with respect to space using the functions 
where we have chosen Al according to (19) . We define the field vector IF') =~k [Ez, E, , E., zHz, L, z, 7n, 
ZHV, ZHz]fn, n 1/%; 1, m, n)
as a vector in HF. Sampling (4)- (8) in the same way, we obtain the six discretized field equations
with (11 O), shown at the bottom of the next page, where we have used the abbreviations In the same way as for the expanded TLM node, we introduce the CBM values of the field components as the values of the series expansions for the field components at the cell boundaries. For TLM with asymmetrical condensed node, the value of the series expansion is identical with the mean value of the field components of two neighboring cells. For example, the CBM value -E:~+l,z)~is given by We use the symmetrical representation of the scattering matrix as introduced for the symmetrical condensed node [7] . [18] . Then, the cell boundary mapping for the asymmetrical condensed node is identical with the cell boundary the symmetrical condensed node given by
and lF~) = la) + lb) IFN,) =P(la) -lb)) mapping for (117) ( 118) with the matrix P according to (68) and (69). The property P2 = 1 ensures that the cell boundary mapping is a bijective one-to-one mapping between the twenty-four electric and magnetic field components and the twenty-four incident and scattered wave amplitudes at one asymmetrical condensed TLM node. The vector of the incident wave amplitudes, Ia), and the vector of the scattered wave amplitudes, Ib), are defined by
Ic, t,m,n=-cc and
Uij~8j~9> @O> all)~12]~m, n kbl,~,n =k [bl, bz, bs, bd, bs, bc, b~, bg, bg, blo, bll, blz] ~~,n.
Since the CBM values of the field components
are also specified in the neighboring cell boundary surfaces, twelve CBM values for each TLM cell are linearly independent. Specifying e.g., all twelve incident wave amplitudes per TLM cell yields a complete description of the field state. For each boundary surface, the wave amplitudes incident into one threedimensional TLM cell are identical with the wave amplitudes scattered from the neighboring TLM cells. This relation is expressed by la) =rlb) and lb) =rla). 
is identical with the connection operator of the symmetrical condensed TLM node [7] . We rewrite (109) in terms of the CBM values of the field components and apply the cell boundary mapping for the asymmetrical condensed TLM node. Choosing~1 =~z = 1 yielding again (83), we obtain six discretized field equations for wave amplitudes 0000 0011 11oo-1100 0000 0011 0011 1100 0000 000 0-1100 001-1 lb) = 001-1 000 0-1100 _-l loo 001-1 0000.
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Note that these six discretized field equations for wave amplitudes are identical with six discretized field equations for wave amplitudes used in the derivation of the symmetrical condensed node [7] . The scattering of the wave amplitudes at one asymmetrical condensed node is described by a 12 x 12-scattering matrix. Thus, we need another six discretized field equations for wave amplitudes to determine the scattering matrix uniquely. We obtain these additional discretized field equations by sampling the electromagnetic field asymmetrically with respect to space using the test functions 
00
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Equations (124) and (126) represent twelve discretized field equations for wave amplitudes, which may be written in the form lb) =TSla).
The scattering matrix S of the asymmetrical condensed node in symmetrical notation is given by (128), shown at the bottom of the page.
B. The Dispersion Analysis
For the dispersion analysis, we proceecl as demonstrated in the previous sections. Eliminating the scattered wave amplitudes yields 
The eigenvakres~7 (136) for the eigenvalues A3,~. For small arguments, using cos z R 1 -x2/2 and~x 1 -z/2, (137) yields (137) which is identical with the dispersion relation of a threedimensional wave equation with the wave propagation velocity c = cr./2. The dispersion relation of A3,1 has no solution for Q = O but a solution for Q = n. We use cos ($ + II x -1 +x2/2 and~z 1 -x/2 to approximate (136). However, using an excitation with a frequency spectrum bounded sufficiently below~= l/(2At), the solutions described by the unphysical eigenvectors will not be excited and thus, they will not affect the accuracy of the field computation. As for FDTD and TLM with expanded node, there are only physical eigenvectors for frequencies approaching zero.
For the calculation of the cutoff frequencies, we proceed as demonstrated for the FDTD method, For wave propagation in (1, O, O) direction, we have~= O and & = O yielding 7 c0s2 ; ;.:;= <1 and f. z 0.1579~ (138) for the cutoff frequency fC. For wave propagation in (1, 1, 1) direction, we have x =~= < yielding 7COS2Q-1 <1 and j. = 0.2272~. 6 COS~ ( 139) s=+. Figs. 3-5 illustrate the dispersion characteristics of the eigenvectors describing the propagating solutions of the TLM schemes for asymmetrical condensed, expanded and symmetrical condensed node. In all three figures, there is a second branch of the dispersion curves for TLM with asymmetrical condensed node and for TLM with symmetrical condensed node which illustrates the dispersion of the unphysical eigenvectors. For the curves for TLM with symmetrical condensed node, the dispersion relation given in [10] , [14] has been evaluated. For wave propagation in (1, O, O) direction (Fig. 3) , there is no dispersion for solutions described by the eigenvectors of the symmetrical condensed node for O < Q < 7r/2. For wave propagation along the diagonal in the z-y-plane and in (1, 1, O) direction, respectively (Fig. 4) , we have used x =~and & = O in the evaluation of the dispersion relations. In this case, the dispersion characteristics of the eigenvectors for FDTD and TLM with expanded node, respectively, are identical with the dispersion characteristics of the eigenvectors for TLM with symmetrical condensed node for O < 0 < fl /2. Fig. 5 illustrates the dispersion for wave propagation in (1, 1, 1) direction. The ambiguity of the physical eigenvectors for TLM with symmetrical condensed node for frequencies approaching zero [10] , [14] leads to the appearance of spurious modes [19] . In general, the deviations of the dispersion relation for TLM with asymmetrical condensed node from the linear dispersion relation are larger than the deviations of the dispersion relation for FDTD and TLM with expanded node. This confirms the results for the maximum bandwidth: The maximum bandwidth of TLM with asymmetrical condensed node is smaller than the maximum bandwidth of FDTD and TLM with expanded node.
V. CONCLUSION
Applying the Method of Moments to Maxwell's equations, field theoretical derivations of the three-dimensional TLM method with expanded node and of the three-dimensional TLM method with asymmetrical condensed node have been given. The same approach has been used to derive Yee's FDTD method with central difference approximations. For this FDTD scheme, there are six linearly independent field components for each FDTD cell. By a dispersion analysis, we have shown that all the eigenvectors describe solutions of the FDTD scheme which converge to solutions of Maxwell's equations for frequencies approaching zero. Thus all the six FDTD eigenvectors represent physical eigenvectors. The lowest cutoff frequency~c determining the maximum bandwidth of the FDTD method is given by~c = 1/(6 At) for a stability factor s = 1/2 chosen identical with the stability factor of the TLM method.
Deriving the TLM method with expanded node, the field expansions of the magnetic field components are shifted by half a discretization interval in space and time with respect to the field expansions of the electric field components. Thus the series expansions for the electric and magnetic field components are similar to the series expansions for the field components of the FDTD scheme. As in FDTD, there are six linearly independent field components for each threedimensional TLM cell. Each of these electric and magnetic field components is defined at the center of one of the six two-dimensional TLM nodes of one expanded node. To apply the cell boundary mapping and to introduce wave amplitudes, respectively, the CBM (cell boundary mean) values of the field components are introduced. The CBM values are identical with the values of the series expansions of the field components at the cell boundaries. In the derivation, we have used six relations for the CBM values of the electric and magnetic field components which are not derived from Maxwell's equations. These relations are imposed arbitrarily causing the scattering at the three shunt nodes to be shifted by half a discretization interval in space and time with respect to the scattering at the three series nodes. The relations are necessary in order to obtain all of the twenty-four discretized field equations for wave amplitudes which determine the two 12 x 12-scattering matrices of the expanded TLM node uniquely. Due to the six additional relations, unphysical eigenvectors occur in the TLM scheme for the expanded node. Only six out of the twelve eigenvectors in the TLM scheme for the expanded node are physical eigenvectors. These physical eigenvectors have the same propagation characteristics as the FDTD eigenvectors. Thus the maximum bandwidth of TLM with expanded node is the same as for FDTD with the stability factor s = 1/2. The other six eigenvectors describe spurious solutions of the TLM scheme which do not exist in the FDTD scheme. Deriving the TLM method with asymmetrical condensed node from Maxwell's equations, the six linearly independent electric and magnetic field components are defined at the center of the TLM cell. The twelve CBM values of the field components correspond to the mean values of the field components of two neighboring TLM cells. Sampling Maxwell's equations with two different sets of test functions yields twelve discretized field equations for the field components and for the wave amplitudes, respectively. As demonstrated by a dispersion analysis, sampling Maxwell's equations twice leads to unphysical eigenvectors of the TLM scheme with asymmetrical condensed node. Only six out of the twelve eigenvectors are physical eigenvectors. Compared with FDTD and TLM with expanded node, respectively, the deviations of the dispersion relation for the physical eigenvectors from the linear dispersion relation are larger leading to more dispersion in a mesh with asymmetrical condensed nodes. This results in a smaller maximum bandwidth which is determined by the lowest cutoff frequency of~C = 0.1579/At.
For the three-dimensional TLM schemes investigated in this paper and in [7] , twelve wave amplitudes and twelve field components, respectively, are necessary to determine the complete field state. For the TLM method with expanded node and for the TLM method with asymmetrical condensed node, only six field components are linearly independent for each TLM cell, whereas for the TLM method with symmetrical condensed
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Condensed Node !2 1949 node, there are twelve linearly independent field components per TLM cell, In this case, the number of wave amplitudes per TLM cell corresponds to the number of degrees of freedom per TLM cell. However, the TLM method with symmetrical condensed node exhibits disadvantages with respect to the dispersion characteristics, as there is an ambiguity of the physical eigenvectors for frequencies approaching zero [10] , [14] . This ambiguity leads to the appearance of spurious modes [19] . It does not exist for FDTD ;and TLM with expanded and with asymmetrical condensed node.
In contrast to FDTD, half of the eigenvectors in the TLM scheme for expanded, asymmetrical condensed and symmetrical condensed node are unphysical eigenvectors. The unphysical eigenvectors describe stationary solutions oscillating with the frequency j = 1/ (2 At) and modes approaching a frequency j = l/(2 At) for wave numbers approaching zero, respectively. Using an excitation with a frequency spectrum bounded sufficiently below $ = l/(2At), the solutions described by the unphysical eigenvectors will not be excited and thus, they will not affect the accuracy of the field computation. However, the fact that half of the eigenvectors are unphysical eigenvectors means that half of the field variables do not contribute for the calculation (of physical solutions. Thus there is a redundancy factor of two for three-dimensional TLM. Therefore in conclusion, from the field theoretical point of view, each of the investigated three-dimensional TLM schemes exhibits disadvantages in comparison with Yee's FDTD scheme.
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